Wine yeast strains of Saccharomyces had previously been classified into several different species or varieties. This classification system was based mainly on sugar fermentation and assimilation patterns. Subsequently, most of these species were reclassified as Saccharomyces cerevisiae. The assignment of the majority of wine yeast strains to a single species does, however, not imply that all stains of S. cerevisiae are equally suitable for wine fermentation. These physiological strains of S. cerevisiae differ significantly in their fermentation performance and their ability to contribute to the final bouquet and quality of the various types of wine and distillates. Therefore, to ensure strain authenticity, security and proper strain management, it is of cardinal importance to have reliable taxonomic techniques available to identify and characterize individual strains of commercial cultures. In this study, 18 commercial wine yeast strains were characterized in order to evaluate and compare three taxonomic techniques, namely long-chain fatty acid analysis, randomly amplified polymorphic DNA (RAPD) and electrophoretic karyotyping. As a single identification technique, electrophoretic karyotyping seems to be the most useful method for routine fingerprinting of wine yeast strains. However, we propose that the combined use of these three techniques provides the most reliable means of differentiating amongst commercial wine yeast strains. ·
Wine yeast strains of Saccharomyces had previously been classified into several different species or varieties. This classification system was based mainly on sugar fermentation and assimilation patterns. Subsequently, most of these species were reclassified as Saccharomyces cerevisiae. The assignment of the majority of wine yeast strains to a single species does, however, not imply that all stains of S. cerevisiae are equally suitable for wine fermentation. These physiological strains of S. cerevisiae differ significantly in their fermentation performance and their ability to contribute to the final bouquet and quality of the various types of wine and distillates. Therefore, to ensure strain authenticity, security and proper strain management, it is of cardinal importance to have reliable taxonomic techniques available to identify and characterize individual strains of commercial cultures. In this study, 18 commercial wine yeast strains were characterized in order to evaluate and compare three taxonomic techniques, namely long-chain fatty acid analysis, randomly amplified polymorphic DNA (RAPD) and electrophoretic karyotyping. As a single identification technique, electrophoretic karyotyping seems to be the most useful method for routine fingerprinting of wine yeast strains. However, we propose that the combined use of these three techniques provides the most reliable means of differentiating amongst commercial wine yeast strains. ·
Many of the traditional taxonomic criteria (e.g., sugar fermentation and assimilation patterns) used for the speciation of yeasts were derived from the analysis of a small portion of the genome. These phenotypic characteristics still serve a useful purpose in classification, since not all of them are unstable and insignificant. Phenotypic traits, however, do not necessarily reflect genetic relatedness, since the same phenotype may be a result of convergent evolution. Conversely, the phylogenetic relationships should be reflected in similarities at the level of base composition of deoxyribonucleic acid (DNA) and DNA sequence homology as well as ribosomal RNA/DNA sequence relatedness (ribotypes) in different yeasts (Pre tori us & Van der Westhuizen, 1991; Kurtzman & Fell, 1998) .
Wine yeast strains of the genus Saccharomyces were traditionally classified into several different species or varieties, including S. bayanus, S. beticus, S. capensis, S. ellipsoideus, S.fermentati, S. oviformis and S. vini (Lodder & Kreger-van Rij, 1952; Lodder, 1970) . A strong wine-type/-taxonomic relationship for the various wine yeasts was believed to exist. For example, strains of S. beticus and S. capensis were preferred for producing flor sherry because of their superior film-forming ability and desirable oxidative metabolism. Also, strains of S. ellipsoideus were generally preferred for making table (dry, still) wines, whereas strains of S. bayanus were chosen for making sparkling wines, because the latter strains were often more tolerant to alcohol and could *Present address: Anchor Yeast, PO Box 14, 7475 Eppindust (Cape Town), South Africa. ferment to a lower residual sugar concentration (Henschke, 1997) . Using genetic taxonomic techniques, most of these strains were reclassified as Saccharomyces cerevisiae (Kreger-van Rij, 1984; Kurtzman & Fell, 1998) . However, the assignment of most of these wine yeast strains to a single species does not imply that all strains of S. cerevisiae are equally suitable for wine fermentation. It is well known that these physiological strains of S. cerevisiae differ significantly in their fermentation performance and their ability to contribute to the final bouquet and quality of the various types of wine and distillates. Characterization and identification of wine yeasts to the strain level is therefore, of key importance to ensure strain authenticity, security and proper strain management.
Due to the complexity of the vinification process and the widespread practice of seeding must with dry commercial wine yeast cultures with favourable characteristics, it has become increasingly important to use an identifiable yeast strain, so as to ensure consistency of wine type, style and quality. The difficulty of identifying yeasts by standard microbiological methods prompted the development of a large number of different identification techniques. However, these techniques are not universally adept at differentiating amongst' strains of the same species. As a result, a variety of additional methods of strain identification are in use i.e. fingerprinting of industrial strains by protein profiles (Van Vuuren & Van der Meer, 1987; Degre et al., 1989; Van der Westhuizen & Pretorius, 1989 , restrictiOn analysis of genomic and mitochondrial DNA (Querol et al., 1992; Vander Westhuizen & Pretorius, 1992; Versavaud et al., 1995) , electrophoretic karyotyping (Degre et al., 1989; Yamamoto et al., 1991; Bidenne et al., 1992; Van der Westhuizen & Pretorius, 1992; Naumov, Naumova & Gaillardin, 1993; Grando & Calato, 1994; Kishimoto, Soma & Goto, 1994) , randomly amplified polymorphic DNA analysis (Huffman, Molina & Jong, 1992; Ness et al., 1993; Lalvallee et al., 1994; De Barros Lopes et al., 1995; Quesada & Cenis, 1995) and gas-liquid chromatographic analysis of the cellular fatty acids (Tredoux et al., 1987; Augustyn, 1989; Augustyn & Kock, 1989; Rozes et al., 1992) . However, despite the variety of strain identification methods in use, there is no single method which is sufficiently reliable to consistently differentiate amongst strains of the same yeast species. It is therefore of key importance to compare and evaluate the various techniques in terms of their usefulness as routine aids for proper management and security of commercial wine yeast cultures.
This paper describes the characterization of 18 commercial wine yeast strains by comparing the three most commonly used differentiation techniques in the wine industry, viz. long-chain fatty acid analysis, randomly amplified polymorphic DNA (RAPD) and electrophoretic karyotyping. It is proposed that the use of these three techniques in combination gives a reliable method for yeast strain identification.
MATERIALS AND METHODS
Yeast strains: The commercial wine yeast strains used in the study are listed in Table 1 . Despite their considerable phenotypic differences, all these strains are considered to be physiological strains of S. cerevisiae. According to the yeast manufacturers, strains N96, Maurivin PDM and Zymaflore FlO are referred to as S. bayanus. However, it must be kept in mind that, according to the latest classification (Kurtzman & Fell, 1998) , some of these strains might in fact be S. cerevisiae strains.
Fatty acid analysis: The yeast strains were cultivated, harvested and lyophilized, their long chain cellular fatty acids recovered, methylated and analyzed according to the techniques described by Augustyn & Kock (1989) . The yeast strains were cultivated on a rotary shaker at 30°C in flasks equipped with a side arm to facilitate direct reading of the optical density in a Klett apparatus equipped with a 640-nm filter. Culture medium consisted of 80 g/L glucose and 6,7 g/L yeast nitrogen base (Difco). The preculture consisted of 40 mL culture medium (250-mL flasks) and organisms were cultivated for 16 h (minimum Klett reading of 190-200). Slow-growing yeast strains were left in the preculture until the required Klett reading was reached. For the second stage of the cultivation, 10 mL preculture was added to 300 mL culture medium in a 1-litre flask. Cultivation then proceeded for 48 h to ensure that organisms were harvested in the stationary phase. Growth was continually monitored on the Klett apparatus. Strains that had not entered stationary phase were left until that stage was reached. Cells were harvested by centrifugation at 8 000 x g for 15 min at 4°C, the sediment washed once with cold saline solution and the lyophilized·cells stored in glass bottles in a desiccator at -8 to -1 0°C. The lyophilized yeast cells (0, 12 g) were mixed with 5 mL, 2,5% KOH in 50% CH 3 0H/H 2 0 and placed in a screwcapped (Teflon-lined) glass tube. After saturating the contents with N 2 , the tube was sealed and heated for 1 h at 100°C with occasional shaking. After cooling to room temperature, nonsaponifiable material was extracted by shaking with two successive 5-mL aliquots of 1:4 CHC1 3 /C 6 H 14 and the extracts discarded. The reaction mixture was then acidified by the addition of 1,06 mL 32% HCl and free acids extracted by shaking with two successive 5-mL aliquots of 1:4 CHC1JC 6 H 14 . Combined extracts were evaporated to dryness in a clean glass tube, 2 mL 20% BF 3 /CH 3 0H added, the contents of the tube saturated with N 2 and the tube sealed and heated at 100°C for 5 min. After cooling to room temperature, 4 mL saturated NaCl solution was added and methyl esters extracted with three successive 2-mL aliquots of 1:4 CHC1JC 6 H 14 • Combined extracts were dried over anhydrous MgS0 4 (1 h) in a refrigerator and the liquid then decanted into a graduated centrifuge tube containing 1 mL anhydrous MgS0 4 . After centrifugation at 1260 x g for 10 min, the clear extract was decanted, concentrated to 0,25 mL under a slow stream of N 2 and refrigerated until analyzed. A Varian 3700 gas chromatograph equipped with an FID detector and coupled to a DELTA integrating data system was used throughout. The instrumentation parameters were as follows: injector temperature 220°C, detector temperature 240°C, temperature program 150°C x 2°C/ min to 190°C, hold 1 h. A J&W-DB-wax column (30m x 0,32 mm id, coating 0,25 J.lm) was used with the carrier gas He at 1 mL/min, make-up gas He at 29 mL/min, split ratio 40:1, injection volume 1,5 J.lL. Randomly amplified polymorphic DNA (RAPD) analysis: Yeast cells were cultured and the DNA isolation was performed using the method as described by Van der Westhuizen & Pretorius (1992) . Cells in the late logarithmic growth phase were harvested, washed in 1 mL 50 mM Tris, 50 mM EDTA, pH 8,0 and incubated with 0,1 mL 3 mg/mL lyticase (Sigma) at 37°C for 30 min. The pellet was resuspended in 0,4 mL 0,5 M EDTA, pH 8,0 and treated with 0,1 mL 20 mg/mL proteinase K (Boehringer Mannheim) and 1% final concentration sodium dodecyl sulphate (SDS) for 2 h at 37°C. One tenth volume of 5 M potassium acetate was added and the solution was left on ice, after mixing, until a white precipitate formed. The supernatant was treated with pancreatic RNase (heat-treated) for 1 hat 37°C. One volume of chloroform/ isoamyl alcohol (24: 1) was added, mixed and the aqueous layer was spun at 8 000 x g for 10 min. The upper layer was decanted and 2 volumes of cold 100% ethanol were gently added until a visible cocoon of DNA was formed. This was recovered, washed with 70% ethanol and dissolved in TE (10 mM Tris, 1 mM EDTA, pH 7,5). To this, a 0,1 volume of 3 M sodium acetate (pH 7 ,0) was added and the DNA reprecipitated by adding a 0,54 volume of isopropanol. The purified DNA was dissolved in 50 J.lL TE (pH 7 ,5).
Polymerase chain reactions (PCR) were performed in a 50 J.lL volume and 1 U Taq polymerase (Promega Corporation, Madison, USA). PCR conditions were 3 min at 94°C followed by 35 cycles of 40 sat 94°C, 1 min at 37°C and 1 min at 72°C. Finally the mixture was heated at 72°C for 3 min and subsequently cooled to 4°C. Decamer oligonucleotides of random sequence were purchased from Operon Technologies (Alameda, CA). Twenty primers from the OPERTON Kit C were used in the preliminary experiments to determine their differentiating ability. PCR products were separated using contour clamped homogeneous electric field (CHEF) electrophoresis. Gels were run for 5,5 h at a constant voltage of 200 V. The pulse duration was 1 s with no ramp. Gels were stained with ethidium bromide (10 mg/mL), viewed on atransilluminator and photographed.
Separation of intact chromosomal DNA by pulse field gel electrophoresis: Chromosomal DNA samples were prepared according to the embedded-agarose procedure of Carle & Olson (1985) . Cells were cultivated to the late logarithmic growth phase in 100 mL YPD medium (1% yeast extract, 2% peptone and 2% glucose), harvested and washed twice with 20 mL 50 mM EDTA, pH 7,5 at 4°C. The final cell pellet was suspended in 3,25 mL 50 mM EDTA, pH 7,5. The cell suspension (3 mL) was mixed with 5 mL of 1% low-gelling temperature agarose (prepared in 0,125 M EDTA, pH 7 ,5, at 37°C) and 1 mL of solution I [prepared by mixing 10 mL SCE buffer (0,1 M sorbitol, 0,6 M sodium citrate, pH 5,8), 0,5 mL 2-mercaptoethanol and 10 mg of lyticase (Sigma)]. This mixture was poured into a Petri dish and allowed to gel. The gelled agarose was cut into 5 mm square plugs. The agarose plugs were placed in a McCartney bottle containing 5 mL of solution II (0,45 M EDTA, pH 9,0/10 mM Tris-HC1, pH 8,0/7,5% v/v 2-mercaptoethanol) and incubated overnight at 37°C. This solution was replaced with 5 mL of solution III [0,45 M EDTA, pH 9,0/10 mM Tris-HCl, pH 8,0/1% sodium N-1 auroylsarcosinate/1 mg of proteinase K (Boehringer Mannheim)] per mL. The bottles were placed in a 50°C waterbath for 48 h. Solution III was fmally replaced with 5 mL of 0,5 M EDTA, pH 9,0 and stored at 4°C for further use.
Intact chromosomal DNAs were separated using the CHEF pulse field gel electrophoresis system. Thin sections of the DNAagarose plugs were loaded into wells and sealed with 1% low melting temperature agarose prior to the run. The apparatus used was the CHEF-DR11 (Bio-Rad Laboratories, Richmond, USA). All separations were carried out in a 20 em square, 6 mm deep, 1% agarose gel made in 0,5 x TBE buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA, pH 8,0) according to the electrophoretic conditions of Vander Westhuizen & Pretorius (1992) . The average temperature of the 0,5 x TBE electrophoresis buffer was maintained at 14 °C. Gels were run for 26 h at a constant voltage of 200 V. The pulse duration was 60s for the first 15 hand 90 s for the last 11 h. Gels were stained with ethidium bromide (10 mg/mL), viewed on a transilluminator and photographed.
RESULTS AND DISCUSSION
Fatty acid analysis: Discriminant analysis revealed that the MRPs of the nine fatty acids supplied sufficient data to differentiate amongst the 18 commercial wine yeast strains studied (Wills' lambda 0,001) ( Table 2 ). This result corresponds to results generated by Augustyn (1989) and Augustyn & Kock (1989) who, respectively, differentiated amongst 13 and 46 S. cerevisiae strains using the MRPs of ten fatty acids.
Calculation of the "Pairwise General Squared Distances" between organisms indicated that whilst some strains were widely separated (e.g. VIN7/Levuline BRG = 11 565,00), others were not (e.g. Maurivin PDM/Fermirouge = 35,21). A plot of the first and second canonical variables (Fig. 1) clearly illustrates this close proximity of some strains. As the number of strains to be distinguished increases this close proximity will undoubtedly lead to overlap and therefore a loss of differentiating ability. This scenario is more likely in the case of large numbers of genetically closely related strains.
Stepwise Discriminant Analysis indicated that in this study fatty acid 9 [18:1(11)] made no contribution to the differentiating ability of the fatty acid analysis technique. This acid was therefore not considered in the rest of this study. Fatty acids 5, 7 and 1 made the greatest contribution to the differentiating ability of the technique. Upon reclassification of the duplicates per strain using "Linear Discriminant Functions" calculated from data for only fatty acids 5, 7 and 1, only one of the duplicates for Lalvin 71B and WE14 exhibited a probability of less than 0,700 for reclassification as itself. In all other instances probability for correct reclassification exceeded 0,920 while for 22 of the 36 duplicates the probability was 1,000.
In general, the fatty acid analysis technique is reliable but time- RAPD-PCR banding patterns: Only some of the primers used in this study gave satisfactory results in amplification reactions with all the yeast strains studied. The amplification banding patterns obtained when using primer OPC-09 for the different strains are shown in Fig. 2A ...... .... shared bands were generated for the different strains. It was apparent that one could not distinguish amongst the South African yeast strains, VIN13, WE14, N96, 228 and WE372, using this primer. No differences in their DNA banding patterns were found between Maurivin PDM and Blastosel kappa. Different RAPD-PCR profiles were generated for the rest of the strains. Results obtained with the OPC-13 primer indicated that strains Maurivin PDM and Blastosel kappa had different profiles ( Fig. 2C and D) . Strains VIN13, WE14, N96, 228 and WE372 also displayed different banding patterns when using the OPC-13 primer. However, where it was possible to differentiate between strains Fermol bouquet and Maurivin AWRI 796, using OPC-09, this was not possible when using OPC-13. It is interesting to see that both the PCR-profiles obtained for strains Blastosel kappa and Fermol killer were different, but the electrophoretic karyotypes were similar.
RAPD-PCR is a rapid technique that does not require prior knowledge of the genome sequence and reveals more polymorphisms. The main disadvantage is the time and effort needed to select an appropriate primer for differentiating a new strain from a group of previously characterized strains. Another problem of RAPD-PCR frequently cited is the poor reproducibility of some bands. There are many variables in the reaction that may contribute to this problem, including the different time-temperature responses of various types of thermal cyclers, the specific activity of commercial DNA-polymerase preparations, the concentration of DNA and primers, and the composition of the reaction buffer. However, with the correct standardization of the reaction variables, the problem can be minimized. The effect of some of these variables on the reproducibility of the bands was reported by MacPherson et al. (1993) . It is therefore imperative to standardize the reaction parameters and perform replications of the same reaction on different days. The separation of the PCR-generated DNA fragments by CHEF pulse field gel electrophoresis is another important factor that contributes to clear differences between RAPD banding patterns thereby enhancing the differentiating power of this technique.
Electrophoretic karyotyping: The chromosomal banding patterns of the different yeast strains are depicted in Fig. 3 . Almost all the strains had different karyotypes and the variations were apparent in the number, position and intensity of the bands. Identical profiles were obtained for only two of the strains, Blastosel kappa and Fermol killer. It was, however, possible to differentiate between these yeasts by means ofRAPD-PCR (both primers) and long-chain cellular fatty acid analysis.
The chromosome numbers of the 18 commercial wine yeast strains varied from 12 to 20. It is known that Saccharomyces strains contain the most chromosomes of all the yeast genera. This unique chromosome complexity of S. cerevisiae is advantageous from the viewpoint of this species being amendable to identification and fingerprinting by comparing chromosomal banding patterns. Although time-consuming, electrophoretic karyotyping is highly reliable and widely used to differentiate amongst wine yeast strains. From practical experience, when using these three identification techniques and comparing them to one another in terms of Electrophoretic karyotypes of commercial wine yeast strains.
